ABSTRACT Booming demand for mobile intelligent terminal equipment results in the exponential growth of the data flow in the fifth-generation mobile communication network. Small-cell networks have been considered as one of the possible solutions, where interference management and effective resource allocation are outstanding issues due to numerous small base stations. In this paper, the concept of cognitive smallcell networks is introduced, which combines technologies from cognitive radio with small cells. We aim to maximize the total throughput of the cognitive small-cell networks by jointly considering interference management, fairness-based resource allocation, average outage probability, and channel reuse radius. In order to make the optimization problem tractable, we decompose the original problem into three subproblems. First, we derive the average outage probability function of the network with respect to the spectrum sensing threshold. With a given outage probability threshold, the associated range of the channel reuse radius is obtained. In addition, to maximize the total throughput, a fairness-based distributed resource allocation (FDRA) algorithm is proposed to guarantee the fairness among cognitive small-cell base stations, which defines the satisfaction degree and the traffic requirement indicators to dynamically adjust the resource allocation process. Finally, considering the time-varying traffic load and different geographical environments, an improved FDRA (IFDRA) algorithm is proposed to further improve the throughput of the hot area. The simulation results demonstrate that the proposed FDRA algorithm and IFDRA algorithm could achieve a considerable performance improvement compared with schemes in the literature while providing better fairness among cognitive small-cell base stations.
Deploying plenty of small cells under the traditional macro cells is the trend of next-generation mobile communication systems. On the one hand, small cells consume less energy than macro base stations (MBSs) whose energy consumption account for about 80% of the total energy consumption of the cellular communication system. A cellular network consisting of small cells helps the entire information and communication technology (ICT) industry to reduce carbon dioxide emissions. By 2020, the carbon dioxide emissions of the ICT industry is estimated to account for 6% of global emissions [2] - [4] . On the other hand, due to the small coverage, the communication system capacity can mostly approach the linear growth by increasing the number of small cell base stations (SBSs). In addition, SBSs can utilize higher frequency spectrum resources (e.g. millimeter wave) to obtain greater performance gain and improve the short-distance communication rate. However, in HetNets, due to the different transmission powers, the channel access protocols, the coverage and mobility supports from the base station (BSs) in each tier need to be urgently addressed. Meanwhile, the coexistence between BSs in the same tier should to be properly managed [5] - [10] . Generally, the transmission power of the MBS could be 1000 times of the SBS. In this case, the cross-layer interference received by the SBS from the MBS is serious. Moreover, due to the increasing number of SBSs, the co-layer interference also becomes significant at the same time. Facing with the above challenges, combining cognitive radio with SBSs to form cognitive small cell networks, which include the spectrum sensing and spectrum sharing capabilities of cognitive radio, can not only improve the spectrum efficiency, but also effectively solve the inter interference and the intra interference problems. The cognitive SBS could independently monitor and access the appropriate idle channels to avoid co-channel interference to the surrounding SBSs based on the spectrum sensing technology.
A. RELATED WORK
To provide effective resource allocation and interference management in HetNets, several mechanisms have already been proposed in literatures. Lee et al. [11] studied a hybrid spectrum allocation method to deal with the spectrum resource allocation problem in small cell networks. The MBS and its nearby SBSs perform the spectrum resource division strategy, while the far away SBSs can use the entire spectrum resource. The resource allocation problem was formulated by a multi-objective problem and divided into two low complexity sub-optimization problems by using lexicographic optimization approach. Li and Zhang [12] used the cluster topology to address the channel allocation issue for high density networks and proposed a K-means clustering algorithm to divide SBSs into different clusters. Based on this algorithm, the clusters could self-adapting to the dynamically changing network topology. Shgluof et al. [13] proposed a novel interference management scheme named semi-clustering victimcell (SCVC) approach, where the interfering BS was defined as an aggressor and the interfered BS was defined as a victim.
Firstly, the SCVC approach classified victims and aggressor SBSs according to the users state. Secondly, the SCVC approach generated semi-clusters from each victim BS based on users status. Finally, the spectrum resource allocation was performed in a dynamic manner, which allowed the critical users to reuse parts of the spectrum resource from the noncritical users, thereby ensuring less co-tier interference and higher spectrum efficiency. Different from the previous studies, Cao et al. [14] proposed a centralized user-centric mergeand-split (MAS) rule based on the coalition formation game, which neglected the influence of users' location. The usercentric game could utilize users' information to estimate the inter-user interference and mitigate interference accurately and effectively.
Usually, resource allocation and power allocation are jointly optimized. LeAnh et al. [15] proposed a distribute optimal channel and power allocation scheme in a two-tier HetNet. They aimed to maximize the total throughput under the inter and intra cell interference constraints, meanwhile the average delay requirement should be guaranteed. Since the original optimization problem was a NP hard problem, the authors transformed the original problem into a coalition game in partition form to obtain the suboptimal solution. Yu et al. [16] discussed the channel and power allocation problem under several constraints, including the channel uncertainty in the Orthogonal Frequency Division Multiple Access (OFDMA) hierarchical small cell networks. Firstly, a robust Stackelberg game was proposed to achieve the robust equilibrium hierarchies. In addition, a high efficiency and low complexity algorithm was proposed to address the problem. Thirdly, considering the traffic demand of the MBS and the effective fitness function of the particle swarm optimizationconstriction factor, the optimal solution was realized by the iterative water filling algorithm. Finally, in order to achieve the Stackelberg equilibrium, a stop protocol was established for two-tier users. LeAnh et al. [15] , Zhang et al. [17] , Yan et al. [18] , Erdogan et al. [19] , and Kibria et al. [20] used the advantages of cognitive radio to solve the power allocation and interference coordination issues in small cell networks.
B. CONTRIBUTION
In this paper, our aim is to maximize the throughput of the small cell tier in the two-tier HetNets while jointly considering the fairness resource allocation, the interference management, the dynamic traffic load, the average outage probability as well as the spectrum reuse radius. The main contributions of this paper are outlined as follow:
Firstly, the two-tier HetNet is modeled by the stochastic geometry which considers the differences in transmission powers and data traffic demands between cognitive small cell base stations (CSBSs) and MBSs. In the scenario, the MBS and the CSBS are modeled as two independent Voronoi tessellations, where the MBS, the CSBS and the associated user equipment (UE) follow the independent homogeneous Poisson Point Process with different intensity, respectively. VOLUME 7, 2019 Secondly, the concept of channel reuse radius is defined, which is a deceasing function of the spectrum sensing threshold. Generally, the spectrum resource could be used far from a certain spatial range, resulting in lower spectrum efficiency and smaller interference. Conversely, the larger the spectrum sensing threshold, the higher the spectrum efficiency, which generates higher interference. In our scenario, the optimal tradeoff between the average outage probability of the two-tier HetNet and the corresponding interference from the spectrum sensing threshold is discussed.
Thirdly, to maximize the total throughput in the small cell tier while taking account into the average outage probability of the network and the fairness resource allocation among CSBSs, a Fairness-based Distributed Resource Allocation (FDRA) algorithm is proposed. The satisfaction degree and the traffic requirement level of CSBSs are defined as two important priority indicators to dynamically adjust the resource allocation process, the CSBS with lower satisfaction degree and higher traffic requirement level will preferentially selects channels in the resource allocation procedure.
Finally, to better formulate the real traffic load, the tidal effect and the actual geographical distribution of users are jointly considered. Consider the time varying traffic load, an Improved Fairness-based Distributed Resource Allocation (IFDRA) algorithm is proposed to further improve the throughput in hot areas, which divides each CSBS in hot areas into the core area and the edge area. The neighboring CSBSs can reuse parts of the spectrum resource in the core area, while users in the edge area can not share the same spectrum resource. Compared with the related works, the proposed algorithm could ensure the fairness among CSBSs with acceptable cost of the network throughput.
The rest of this paper is organized as follows. We present the system model in Section II. The optimization problem is formulated in Section III. The detail procedure of the FDRA and IFDRA algorithms is described in Section IV. The simulation results are discussed in Section V. Finally, Section VI draws the conclusion.
II. SYSTEM MODEL
In this section, we will introduce the network topology, the working mode of CSBSs, tidal effect and the channel model.
A. NETWORK TOPOLOGY
Traditionally, the hexagonal grid is used to model the coverage of small cell networks, which assumes that the location of the SBS obeys the regular mesh model with the same coverage. However, this method becomes unreasonable due to the deployment of the HetNet. Deploying small cells under macro cells will result in unpredictable changing in the network topology due to the different transmission powers and the different data traffic demands between two-tier networks. Therefore, in order to better simulate the actual network, the stochastic geometry is considered in this paper to model and analyze the cognitive small cell network and the macro cell network, which satisfies the randomness of the topology, and makes the problem more conveniently to be solved at the same time.
We consider a two-tier HetNet, consisting of MBSs and CSBSs which are randomly allocated and independent with each other. The network topology is modeled by stochastic geometry, as shown in Figure 1 . The red tier is the macro cell tier and the blue tier is the small cell tier. The coverage of each BS is related to the BS type, the geographical location and the actual geographical environment. Assume that the perpendicular bisector of adjacent BSs with the same transmission power is the boundary of their coverage, and the coverage of co-tier BSs does not overlap with each other. Hence, UEs could fall into an intersection between the coverage of two-tier BSs. Moreover, we assume that UEs will be associated with the network entity which could provide the highest received signal strength, thus each UE will be associated with either a MBS or a CSBS in the network. The UE in the macro cell tier is named as the macro cell user equipment (MUE), whereas the one in the small cell tier is called the cognitive small cell user equipment (CSUE), respectively.
B. COGNITIVE SMALL CELL BASE STATION
In order to further improve the spectrum efficiency and realize intelligent management of spectrum resources, we assume that CSBSs have spectrum sensing ability which could independently monitor and access idle channels for downlink transmission. Whenever the received power on a certain channel is lower than the spectrum sensing threshold γ , the channel is considered to be idle. Therefore, the spectrum sensing threshold γ could strongly affect the transmission performance. The larger the value of γ , the higher the spectrum efficiency and the greater the interference, vice versa. In order to maximize the throughput of small cell tier, a suitable γ should be chosen carefully to maintain a balance between the spectrum efficiency and the interference. What's more, the CSBS will independently decide to access the idle channel by the real-time sensing results. In this case, the control signal from the MBS is needed to manage the spectrum access and avoid serious interference. In addition, the CSBS could do self-optimization by the spectrum monitoring and the collaboration between neighboring CSBSs.
C. TIDAL EFFECT
In order to better simulate the actual network environment, the tidal effect of the traffic load is considered, which refers to the phenomenon that people gather in the central business district (CBD) area during working hours and migrate to the residential area (RA) after work. During the day, the CBD will gather a large number of people, resulting in a large demand on the traffic load. On the contrary, in the evening, when people go back to home, leading to the decreasing of the traffic load requirement in the CBD, while the increasing traffic demand in the RA. This phenomenon triggers the flow of traffic in the mobile communication system, causing the hot area to burst and has a large amount of traffic at a specific moment, resulting in network congestion and inaccessibility. In order to deal with this problem, we adopt the CSBS area partitioning method to further support the traffic demand in hot areas.
D. CHANNEL MODEL
Consider a downlink OFDMA transmission system, which consists of M MBSs, S CSBSs and U UEs, and the set of MBSs, CSBSs and UEs are denoted as M, S, U respectively. The total network bandwidth is B which is equally divided into N channels, and the set of channels is denoted as N = {1, 2, 3, · · · , N }. Assume that the MBS, the CSBS and the UE are independent and follow an independent homogeneous Poisson Point Process (PPP) distribution. That is, MBSs, CSBSs and UEs are spatially distributed with the homogeneous PPP distribution ψ M , ψ S and ψ U with intensity M, S and U, respectively. The MBSs and CSBSs could share the same channels, and CSBSs will periodically sense the channel and opportunistically access idle channels to avoid co-channel interference to MUEs. The MBS allocates all channels to the MUE in a sequence manner according to the interference of channels. For instance, if the interference on channel n ∈ N is lower than that in channel n + 1 ∈ N, channel n will be allocated to the MUE before channel n + 1. Notice that, the optimal power allocation is beyond the consideration of this paper which could further improve the system performance. In this paper, we use a equal transmission power to calculate Shannon capacity. Assume that all MBSs and CSBSs transmit with the same transmission power P M and P S , respectively. The channel model of MBSs and CSBSs are formulated as follows, respectively
Let g s,u,n denotes the channel gain of the CSUE u in CSBS s on channel n. Hence, the received signal to interference plus noise ratio (SINR) of CSUE u in CSBS s on channel n is given as
where p s,u,n denotes the transmission power of CSBS s to CSUE u on channel n; I = S t=1,t =s p t,u,n g t,u,n is the received interference from other CSBSs; σ is the noise power. Therefore, the throughput of CSUE u in CSBS s on channel n can be denoted as
III. PROBLEM FORMULATION
In this paper, we aim to maximize the total throughput of the small cell tier while ensuring the average outage probability of the network under an acceptable value and the fairness resource allocation among CSBSs. We will derive the average outage probability function of the network based on the network topology and formulate the optimization problem in this section. In our system model, the average outage probability of the network is a function of the spectrum sensing threshold. According to stochastic geometry theory, the function could be obtained by the following steps: firstly, calculate the tier connection probability which is defined as the probability of a UE connect to either the macro cell tier or the small cell tier; secondly, obtain the average outage probability of MUEs and CSUEs based on the results from step one. According to this, finally, with the reasonable average outage probability threshold, the range of the spectrum sensing threshold could be decided.
A. TIER CONNECTION PROBABILITY
Based on stochastic geometry theory, in the two-tier HetNet, the probability of a user connecting to the small cell tier is given by [5] 
where η is the path loss factor. Similarly, the probability of a user connecting to the macro cell tier can be expressed as
Hence, based on (4) and (5), the PPP distribution of the UE ψ U can be divided into two parts: the user connecting to the macro cell tier follow the PPP distribution with U M = Uξ M , the user connecting to the small cell tier follow the PPP distribution with U S = Uξ S .
B. AVERAGE OUTAGE PROBABILITY OF A MUE
A MUE can successfully decode the signal whenever the received SINR of the signal is higher than a certain threshold β. Thus, the average outage probability of the MUE can VOLUME 7, 2019 be expressed as
where
M is the PPP distribution intensity of MBSs which are using channel 1; c = 3.575 is a constant for Voronoi tessellation.
C. AVERAGE OUTAGE PROBABILITY OF A CSUE
The average outage probability of a CSUE when the received SINR less than the given threshold β can be calculated by
where R M and R S are the channel reuse radius; N s represents the number of available channels for CSBS s within the range R M , that is, the number of channels which are not occupied by MBSs; M in (N s ) is the PPP distribution intensity of MBSs which are using channel N − (N s − 1); S N −(N s −1) is the PPP distribution intensity of CSBSs which are using channel N − (N s − 1); p = P S /P M . Consequently, the average outage probability of a CSUE from the unavailable channel can be expressed as
where P ac (N s ) is the probability that CSBS s could successfully access the idle channel. Hence, the average outage probability of a CSUE is given by
According to (6) and (9), the average outage probability of the network is given by
From above analysis, the average outage probability of the network could be guaranteed by optimizing the tradeoff between the spectrum efficiency and the total interference. Hence, the optimization problem can be expressed 
where τ s,u,n = 1 or 0 is the channel association indicator, e.g. if the channel n is allocated to CSUE u in CSBS s, τ s,u,n = 1, otherwise, τ s,u,n = 0; R min s,u is the minimum throughput requirement of CSUE u in CSBS s; ε is maximum average outage probability of the network.
In the optimization problem, C1 and C2 are transmission power constraints. C1 means that the transmission power from a CSBS to a CSUE on a specific channel should not be negative, which guarantees the normal communication between the CSUE and the CSBS. C2 represents the total transmission power on all channels of the CSBS should less than the power budget P S . C3 is the minimum throughput requirement for CSUEs. Moreover, C4 and C5 are the channel allocation constraints. In C4, τ = 0 or 1 refers to the association between channel n and CSUE u. C5 represents that channel n can not be allocated to two different CSUEs in the same CSBS simultaneously. C6 is the average outage probability constraint, composing of the average outage probability of the MUE and the CSUE. Via C6, the average outage probability of the network will be limited below the given threshold ε.
According to the above analysis, the original optimization problem contains the integer constraints C4-C5 and the average outage probability constraint C6, which leads to the exponential computation complexity. In order to make it tractable, we decompose the original problem into two sub-problems. Firstly, the average outage probability with respect to the spectrum sensing threshold γ is derived by stochastic geometry theory. The associated range of the spectrum sensing threshold [γ a , γ b ] could be obtained under the given outage probability threshold ε. Secondly, a Fairnessbased Distributed Resource Allocation (FDRA) algorithm is proposed to address the channel allocation problem. Furthermore, in order to further improve the throughput in hot areas, a Improved Fairness-based Distributed Resource Allocation (IFDRA) algorithm is proposed by the tidal effect. 
IV. DISTRIBUTED RESOURCE ALLOCATION IN HetNets

A. CHANNEL REUSE RADIUS
The channel reuse radius (CRR) decides the available spectrum resources for a CSBS in a certain range, which is a function of the MBS transmission power P M , the CSBS transmission power P S and the spectrum sensing threshold γ . In our scenario, P M is greater than P S , and the spectrum sensing threshold γ is unified, thus each CSBS has two different CRRs, called the macro CRR R M and the small CRR R S , respectively, as shown in Figure 2 . The red dotted circle is the macro CRR, the blue dotted is the small CRR.
In our scenario, the MBS have higher priority than the CSBS, that is, the CSBS can only use channels which are not occupied by the MBS within its R M . Initially, the MBS will allocate channels to MUEs in a sequential manner. According to the spectrum sensing threshold γ , the CSBS will periodically sense the channels to identify the available idle channels. Let N s be the number of available channels of the CSBS s, which is out of N within the R M , we can obtain the probability mass function (PMF) of N s from the network model by using stochastic geometry theory. Furthermore, the number of unoccupied channels of CSBS s within the R M could be generated by the PMF. Therefore, the R M and the R S can be expressed as
where R M denotes the macro CRR and the R S denotes the small CRR. In order to reduce the interference among neighboring CSBSs, we assume that a CSBS can only use the channels which are not used by neighboring CSBSs within the R S . In other words, if CSBSs are overlapped with R S , the available channels can only be assigned to one of those CSBSs at a time. As for the intra-cell interference management, we assume that CSUEs will not share same channels with others in the same cell simultaneously.
B. CHANNEL QUALITY ESTIMATION TABLE (CQET)
In order to maximize the throughput of the small cell tier, we define a Channel Quality Estimation Table (CQET) for each CSBS, which contains the quality of all available channels for each CSBS. Based on the CQET, the best channels could be assigned to the associated CSBS in the resource allocate procedure to maximize the throughput of the small cell tier. For CSBS s, the total interference on channel n can be represented as
where T is the total number of CSBSs which are using channel n; I n t,s is the interference to users of CSBS s from CSBS t on channel n, which can be expressed as (15) where p n t is the transmission power of CSBS t on channel n; g n t,s is the average channel gain between CSBS t and users in CSBS s. Since the channel is time varying, to obtain the accurate channel gain is not easy. Therefore, the average channel gain is used in our scenario, which can be obtained from the arithmetic mean of channel gains. Define the reciprocal of TI n s as the channel quality of CSBS s for channel n, which is given by
According to formula (16) , each CSBS can calculate the estimated the channel quality of all available channels, and sort them in descending order, as shown in Table 1 . 
C. STATUS INFORMATION TABLE (SIT)
Particularly, the fairness resource allocation between CSBSs is taken into account, we assume each CSBS will create a state information table (SIT) which includes the channel information and two priority parameters. The SIT of CSBS s is shown in Table 2 , which is generated by the following steps: firstly, CSBS s calculates the number of the current serving users in the cell, namely, the load of CSBS s, denoted as U s . Secondly, CSBS s generates the number of required channels for the associated users, denoted as N T s , which follows the VOLUME 7, 2019 
In the scenario, to guarantee the fairness among CSBSs, the CSBS with lower satisfaction degree and higher traffic requirement level will have higher priority to select channels.
D. PERIODIC CHANNEL RESOURCE RECONFIGURATION
Generally, the traffic demand of the actual network is dynamically changing with the time, if a CSBS occupies most of the idle channels (e.g. which are not used by the MBS), will result in unfairness to other CSBSs that have transmission requirements. In order to ensure the fairness of spectrum sharing and avoid starving of CSBSs, the channel resource reconfiguration is performed periodically which could release parts of the occupied channel resources and search for new idle channels. To realize periodic channel resource reconfiguration, each CSBS sets a reconfiguration timer T r , which will be reset when a timing period is completed or when a channel resource allocation procedure is completed. Reconfiguration Triggering: The timer T r of CSBS 1 is reset at time t 1 , CSBS 1 broadcasts a ''Re-Initialization Request (RIREQ)'' message to the nearby CSBSs, and CSBS 1 is called ''Trigger CSBS''. Similarly, at time t 2 , the timer of CSBS 2 is reset and a RIREQ message is broadcasted to the surrounding CSBSs. Since, CSBS 1 and CSBS 3 are neighbors of CSBS 2, they will receive the RIREQ message from CSBS 2 and participate in the resource allocation procedure.
Resource Releasing: The triggered CSBS will release parts of the occupied channels, denoted as C%, according to the channel quality (e.g. the channel with lower quality will be released firstly) and broadcast the CQET and the SIT that are included in the RIREQ message to the nearby CSBSs via the broadcast channel. In Figure 3 , CSBS 1 and CSBS 3 are the neighbors of CSBS 2 which will receive the RIREQ message from CSBS 2.
Resource Allocation: After the reconfiguration triggering and the resource releasing phases, the Trigger CSBS and the triggered CSBS will participate in the resource allocation procedure simultaneously. In especial, the resource allocation procedure does not require the participation of the MBS, which only need information exchanges between CSBSs by a distributed manner before the resource allocation algorithm is executed.
The Trigger CSBS broadcasts a RIREQ message and all CSBSs that receive this message will determine whether to join the current resource allocation procedure by calculating their own satisfaction degree. When the satisfaction degree of CSBS s is lower than a certain threshold, e.g. SD s < SD thre , CSBS s will decide to joint in the resource allocation group G, which include the Trigger CSBS and the participation CSBSs.
The triggered CSBS needs to reply to the Trigger CSBS with a ''Re-Initialization Response (RIREP)'' message containing it is own CQET and SIT. The neighboring CSBS uses the Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) method to avoid collisions when replying the RIREP message. The RIREP message will not only be received by the Trigger CSBS, but also will be noticed by the neighboring triggered CSBS. Whenever a CSBS receives a RIREP message from another CSBS, it indicates that the two CSBSs are adjacent to each other.
E. FAIRNESS-BASED DISTRIBUTED RESOURCE ALLOCATION (FDRA) ALGORITHM
In this paper, for the purpose of maximizing the throughput of small cell tier while providing fairness resource allocation for neighboring CSBSs in a distributed manner under the dynamic data traffic, we purpose a Fairness-based Distributed Resource Allocation (FDRA) Algorithm. Assume that the communication requirements of CSUEs and CSBSs are time varying. The proposed FDRA algorithm is triggered when a CSBS requests resource reconfiguration, then, all CSBSs participating in the resource allocation procedure should release parts of the currently occupied channels, denoted as C%. All of these released spectrum resources will be collected to the resource pool and reconfigured in the resource allocation algorithm. Each CSBS in the resource allocation group G creates the CQET and the SIT according to its own spectrum resource usage state and the available channel condition in the resource pool.
When all the CSBSs in the group G obtain the necessary information for the resource allocation procedure during the inter-exchange, the FDRA procedure is performed by each CSBS in a distributed manner without the central controller. In our scenario, initially, each CSBS could share the CQET and the SIT in the group through the broadcast information by the Trigger CSBS. Therefore, there is no information exchanging during the resource allocation process. That is to say, each CSBS can independently performed the FDRA algorithm and get the same resource allocation results.
We outline the main procedure of the FDRA algorithm in Algorithm 1. Furthermore, the CQET and the SIT update procedure are shown in Algorithm 2. The procedure of the FDRA algorithm is executed by the following steps: 
Select the first rank channel in the CQET of CSBS s
5:
Update the CQET and the SIT for the CSBS in G Select the first rank channel in the CQET of CSBS s 13: Update the CQET and the SIT for the CSBS in G 14: else 15: Select the first rank channel in the CQET of CSBS s 16: Update the CQET and the SIT for the CSBS in G 17: end if 18: else 19: Select the first rank channel in the CQET of CSBS s 20: Update the CQET and the SIT for the CSBS in G Firstly, the CSBSs whose satisfaction degree are less than a specific threshold value will be added in the group G to participate in the resource allocation procedure. Delete channel n from the CQET of CSBS s 3: Update the SIT of CSBS s:
for CSBS t(t ∈ G, t = s), t is the neighboring CSBS of CSBS s do 5: if Channel n is one of the available channel of CSBS t then 6: Delete channel n from the CQET of CSBS t
7:
Update the SIT of CSBS j:
end if 9: end for 10: end if Secondly, in order to ensure that all CSBSs could be allocated at least one channel for the basic transmission requirement in the resource allocation algorithm, the CSBSs with N S s = 0, N A s = 1, N V s = 0 have the highest priority to select channels, that is, they could select channels firstly.
Thirdly, in the following, the CSBS s with the minimum SD s will select the channel firstly. The value of SD s indicates the satisfaction degree of the CSBS s, the smaller value of SD s means the lager gap between the traffic demand and the available resource of CSBS s. If there are multiple CSBSs with the same SD, the CSBS s with the maximum RL has the highest priority. Furthermore, if there are multiple CSBSs with the same SD and RL, in order to guarantee the total throughput of the small cell tier, the CSBS with the best channel quality will select in advance.
Finally, the first rank channel in each CQET will be allocated to the associated CSBS, and the CQET, the SIT of other CSBSs in group G will be updated at the same time. Repeat the above steps, until the resource pool is empty or each CSBS has obtained the required channels.
Through above analysis, the proposed FDRA algorithm could guarantee the total through of the small cell tier by optimizing the channel association for CSBSs, while ensuring the fairness among CSBSs in the group by two selection parameters.
F. IMPROVED FAIRNESS-BASED DISTRIBUTED RESOURCE ALLOCATION (IFDRA)
In our network scenario, according to different geographical environment, we consider the CSBS in either the central business district (CBD) or the residential area (RA). Due to the tidal effect, the hot area dynamically changes between the CBD and the RA over time based on the activity of UEs. During the day, the CBD has a large mount of traffic demand than the RA, while the data traffic reduces sharply at night. This phenomenon will lead to a surge demand for traffic in hot areas at a specific time, causing the network congestion and decreasing the transmission QoS. Therefore, the periodic VOLUME 7, 2019 channel resource reconfiguration strategy is introduced in the FDRA algorithm based on the dynamic traffic load. Furthermore, in order to further improve the throughput of small cell tier, we purpose the Improved Fairness-based Distributed Resource Allocation algorithm (IFDRA), which considers the CSBS area partitioning method to meet the throughput requirement in hot areas. As shown in Figure 4 . The core area of a CSBS is defined as the area in which the received transmission power from the CSBS is larger than a certain threshold, namely, the central area. In contrast, the non-core area of a CSBS in which the received transmission power from the CSBS is smaller than a certain threshold, that is, the edge area. The user in the core area is called the core user (CU), whereas the user in the edge area is called the edge user (EU). For example, user a 1 and b 1 are CUs, while user a 2 and b 2 are EUs.
Generally, the CU will receive less interference from neighboring CSBSs, leading to a large SINR. Therefore, to further improve the throughput, in hot areas, the CU adopts full frequency reuse strategy. For example, if channel n is already occupied by the CU in CSBS s, the neighboring CSBS t of CSBS s can still assign channel n to its own CU. Alternatively, as for the EU, the received signal is small while the interference from neighboring CSBSs is large, resulting in a lower SINR. Thus, in the edge area, similar to the FDRA algorithm, channels can not be used by adjacent CSBSs simultaneously. For example, if channel n is already occupied by the EU in CSBS s, then its neighboring CSBS t 1 , t 2 , · · · can not use this channel simultaneously. For CSBS s, the core area is the central circular area, and the radius of the circle is defined as follows
where β ∈ (0, 1) is the scale factor, which changes dynamically according to the network throughput requirement; N CA s and N EA s are the number of users in the core area and the edge area, respectively.
From equation (19) , it can be observed that the radius of the circle C R is related to the ratio of the number of users in the core area to the number of users in the edge area. Moreover, the larger the C R , the higher the spectrum efficiency, while the corresponding interference is increasing at the same time. When there are a larger number of users gather around the CSBS, the gain from spectrum reuse is far greater than the harmfulness from interference. As a consequence, for the purpose of improving the throughput of the small cell tier, a large circle should be assigned.
The proposed resource allocation algorithm is distributed, CSBS can execute the resource allocation algorithm independently, which could greatly reduce the computational complexity. For example, assume that there are D CSBSs in the small cell tier, the available channel for each CSBS is E and the total required channel is F, where F D, E D and F > E. The FDRA and IFDRA algorithms have the same computational complexity O(D×E ×F), which is quite low compared with the original NP hard optimization problem with the computational complexity O (D × E × F) F . However, notice that, the optimization problem is relaxed, thus the result is a sub-optimal solution.
V. SIMULATION RESULT
In this section, we present the numerical results of the proposed FDRA and IFDRA algorithms via simulation. We consider a two-tier HetNet, where MBSs, CSBSs and UEs are randomly distributed in a range of 4000m × 4000m, as shown in Figure 1 . The channel model used in the simulation is from the 3GPP outdoor scenario for LTE advance [21] . In the simulation, the proposed algorithms will compare with the existing CSRA algorithm in various aspects. Similar to the greedy algorithm, in the CSRA algorithm, the channel with the highest channel quality will be allocated to the associated CSBS. Assume that the transmission environment is stable in each optimization iteration. The simulation parameters are outlined in Table 3 . Figure 5 shows the effect of the CSBS intensity and the spectrum sensing threshold γ on the average outage probability of the network when N = 100, U = 5(M + S). From the figure, it can be seen that a higher density of CSBSs, result in a larger optimal spectrum sensing threshold. For this reason, in order to improve the spectrum efficiency, the small CRR R S should be smaller which could provide an acceptable average outage probability with the increasing CSBS intensity. Notice that, initially, the average outage probability is relatively large with small γ , resulting in a low spectrum efficiency of the network. Moreover, the average outage probability is caused by the fierce competition between CSBSs due to the shortage of channels. Thus, increasing γ , could improve the spectrum efficiency, decrease the network outage probability, while increase the co-tier interference at the same time. Finally, the average outage probability also increases by the fierce interference from neighboring CSBSs.
In Figure 6 , we compare the fairness of the proposed FDRA algorithm with the CSRA algorithm. The horizontal axis is the CSBS ID in the resource allocation group. The black part of the histogram represents the percentage of the initially allocated channels to the total required channels. The gray part represents the percentage of channels allocated by the resource allocation algorithm to the total required channels and the white part represents the gap of the required channels of each CSBS. It can be seen that the proposed FDRA algorithm can guarantee the fairness among CSBSs than the CSRA algorithm, and every CSBS could achieve a nearly equal satisfaction degree. Figure 7 presents the satisfaction degree versus the number of channels among CSBSs. It can be observed that the satisfaction degree increases with the increasing number of channels. That is because when there are more candidate channels, each CSBS will have higher probability to select required channels, leading to a higher satisfaction degree. In addition, when the number of channels increases to a certain value, the satisfaction degree approaches to 1. Obviously, the data traffic could be properly transmitted with amount of channels. It also illustrates that the proposed IFDRA and FDRA algorithms could achieve better performance in term of the satisfaction degree than the CSRA algorithm, while guaranteeing the fairness among CSBSs. That is because in the proposed IFDRA and FDRA algorithms, CSBSs with lower satisfaction degree and higher traffic requirement level will have higher priority in the resource allocation procedure compared to the CSRA algorithm. Besides, due to the CSBS in the CU could reuse parts of channels from the neighboring CSBS, the IFDRA algorithm could obtain more satisfaction degree gain than the FDRA algorithm.
In Figure 8 , we evaluate the effect of the number of channels to the satisfaction degree gain among CSBSs for different algorithms. The satisfaction degree gain is defined as the satisfaction degree ratio between two algorithms. It is rather interesting to notice that the satisfaction degree gain is an decreasing function of the number of channels, finally, the satisfaction degree gain approach to 1. Actually, when the number of channels reaches a certain value, all CSBSs could obtain enough number of the required channels and achieve the maximum satisfaction degree. Moreover, the IFDRA algorithm could achieve a considerable performance improvement compared with the FDRA algorithm and the CSRA algorithm.
In Figure 9 and Figure 10 , we compare the satisfaction degree and the satisfaction degree gain versus the number of CSBSs for different algorithms, respectively. Our results show that when the number of the CSBS increases, the satisfaction degree decreases, while the satisfaction degree gain increases. On the one hand, the density of CSBSs is increasing according to the increasing number of CSBSs, resulting in more CSBSs joining in the resource allocation procedure. However, the total available spectrum resource is fixed. In this case, the fierce competition among CSBSs will lead to lower satisfaction degree for CSBSs. On the other hand, the FDRA and IFDRA algorithms can ensure the fairness among CSBSs during the resource allocation procedure, thus all CSBSs can achieve a nearly equal satisfaction degree. Notice that, since the CSRA algorithm is based on the greedy strategy, therefore, the satisfaction degree for some CSBSs could be very high, while for others is very low, resulting in unfairness among CSBSs and declining in the average satisfaction degree. Hence, based on the above analysis, the satisfaction degree gain is an increasing function of the number of CSBSs for all algorithms. Figure 11 shows the effect of the channel reuse radius on the total throughput of the small cell tier with different CSBS density. Initially, the network throughput increases with the decreasing channel reuse radius, that is because the spectrum efficiency increases with the decreasing channel reuse radius and the associated throughput gain is larger than the aggregate interference from adjacent CSBSs. However, when the channel reuse radius becomes smaller, the aggregate interference are dominant which result in slow growth in the total throughput. When the channel reuse radius reaches to a certain value, each CSBS could obtain the required channel and the total throughput will not change any more. Furthermore, it also illustrates that the total throughput of the small cell tier is increased with the CSBS density.
In Figure 12 , it shows the effect of the channel reuse radius on the total throughput of the small cell tier for different algorithms. It can be seen that the throughput is increasing with the decreasing channel reuse radius for all algorithms. Since the CSBS area partitioning method is adopted in the hot area, the neighboring CSBS can reuse parts of spectrum resource in the core area to further improve the spectrum efficiency, thus the throughput of the IFDRA algorithm is higher than the FDRA algorithm at the beginning. However, as the channel reuse radius becomes smaller and smaller, the spectrum efficiency of these algorithms is almost the same, resulting in the same network throughput. Essentially, the CSRA algorithm is based on the greedy algorithm, which will allocate the best channel to the corresponding CSBS, thus the network throughput of the CSRA algorithm is higher than the proposed two algorithms. However, initially, the channel reuse radius is relatively large resulting in a low spectrum efficiency, while the IFDRA algorithm can reuse part of spectrum resources to get the throughput gain compared with the CSRA algorithm. Figure 12 shows the tidal effect of the traffic load in both the central business district (CBD) and the residential area (RA) in a day, where the area within the dotted line is the CBD while the other area is the RA. The blue triangles represent CSBSs and the red dots represent CSUEs. During the day, a large number of people gather in the CBD, while most of them are in the RA at night. This two figures indicate that by using the CSBS area partitioning method, the hot area could obtain more spectrum resource, while parts of them can be reused to further improve the network throughput. Such as, the adjacent CSBS e and CSBS f could share the same channels 34, 30, 27 in Figure 13(a) . Besides, non-adjacent CSBSs could use the same channel in non-hot areas. By this way, the dynamic traffic requirement in the hot area could be guaranteed.
VI. CONCLUSION
In this paper, we studied the resource allocation problem in two-tier heterogeneous networks. Due to the non-convex property of constraints and the objective function, the original optimization problem is intractable, we decomposed it into three sub-problems to optimize the channel reuse radius, the fairness among cognitive small cell base stations, the resource allocation under time varying traffic load and the different geographical environment, individually. By introducing the satisfaction degree, the traffic requirement level and the channel reuse radius indicators, we proposed the Fairness-based Distributed Resource Allocation algorithm and the Improved Fairness-based Distributed Resource Allocation algorithm which can not only achieve a better fairness among cognitive small cell base stations but also further improve the throughput of the small cell tier under the average outage probability constraint. Numerical results demonstrated the effectiveness of the proposed algorithms.
